We report an analytical full-dimensional potential energy surface for the GeH 4 + OH -GeH 3 + H 2 O reaction based on ab initio calculations. It is a practically barrierless reaction with very high exothermicity and the presence of intermediate complexes in the entrance and exit channels, reproducing the experimental evidence. Using this surface, thermal rate constants for the GeH 4 + OH/OD isotopic reactions were calculated using two approaches: variational transition state theory (VTST) and quasi-classical trajectory (QCT) calculations, in the temperature range 200-1000 K, and results were compared with the only experimental data at 298 K. Both methods showed similar values over the whole temperature range, with differences less than 30%; and the experimental data was reproduced at 298 K, with negative temperature dependence below 300 K, which is associated with the presence of an intermediate complex in the entrance channel.
Introduction
When the size of the molecular reactive system increases, in atom number and/or electron number, the construction of the full-dimensional potential energy surface (PES), representing nuclear motion, becomes increasingly complicated, and with the direct application of ab initio calculations it is practically prohibitive. In these cases, the development of PESs based on functional forms (based on a reduced number of ab initio calculations) acquires greater importance. This is the case studied in the present work, the hydrogen abstraction reactions GeH 4 + OH/OD -GeH 3 + H 2 O/HOD, with 45 electrons (as compared with the 19 electrons in the prototype CH 4 + OH), where the correlation energy, spin-orbit effects and relativistic energy must be taken into account. GeH 4 may be important in plasma-enhanced chemical vapour deposition (DVP) processes, 1 while hydroxyl radical reactions have practical applications in both combustion (high temperatures) and atmospheric (low temperature) chemistry. In addition, the GeH 4 + OH/OD -GeH 3 + H 2 O/HOD reactions yield water, thus providing an excellent opportunity to study a triatomic molecule in specific quantum states. To the best of our knowledge, no theoretical studies (kinetics and dynamics) have been reported on this reaction, and only one experimental study is available. 2, 3 Butkovskaya and Setser 2,3 studied the infrared chemiluminescence of H 2 O and HOD products in the reactions of OH and OD radicals with germane at 298 K. They found that: (i) about 50% of the available energy is released as H 2 O and HOD product vibrational energy, while the other product, GeH 3 , does not receive much internal energy; (ii) the stretching vibrational distribution was inverted and nearly statistical for the H 2 O and HOD products, respectively; and (iii) the rate constant was determined, (7.1 AE 1.0) Â 10 À11 cm 3 molecule À1 s À1 at 298 K, relative to the well known rate constant for the similar BrH + OH -Br + H 2 O, 1.1 Â 10 À11 cm 3 molecule À1 s À1 , by measuring the integrated water emission intensity from both reactions.
We have divided the present theoretical study in two parts: (i) the construction of an analytical potential energy surface, named PES-2015, which is based exclusively on high level ab initio calculations and is symmetric with respect to the permutations of the four hydrogen atoms in germane; and (ii) a kinetics study based on this surface, using two approaches, variational transition-state theory (VTST) and quasi-classical trajectory (QCT) calculations, comparing the results with the scarce experimental data, rate constant and kinetic isotope effect (KIE) at 298 K. The present paper is structured as follows. Electronic structure calculations are outlined in Section 2, where the reaction energy, barrier height, stability of the intermediate complexes in the entrance and exit channels, and topology of the reaction from reactants to products are analyzed. Section 3 is devoted to a detailed description of the PES-2015, which describes the hydrogen abstraction reaction on a single surface within the Born-Oppenheimer approximation. Functional form and the fitting process are presented and the results of the final fitting are compared with previous electronic structure calculations. The computational details are presented in Section 4, while Section 5 presents the kinetics results using both approaches, VTST and QCT, and are compared with the only experimental evidence available. Finally, the conclusions are presented in Section 6, focusing on the advantages and disadvantages of the new proposed PES-2015.
Electronic structure calculations
The PES-2015 fitting procedure is based exclusively on high level ab initio calculations, and describes the topology of the reaction from the reactants, GeH 4 + OH, to the products, GeH 3 + H 2 O. Given the molecular size (45 electrons) we use different levels of calculation.
Level I
All stationary points involved in the reaction (reactants, reactant complex, saddle point, product complex and products) were optimized and characterized at the MP2/6-31G(d,p) level of theory. In addition, the minimum energy path (MEP) was constructed at this level, starting from the saddle point geometry in mass-weighted Cartesian coordinates, with some distant points from the reaction path also being calculated. It has been shown that the MP2 method with small basis sets describes reasonably well the reactions of germane with water, 4-6 although it is known that this method overestimates the barrier height. To improve the energetic description of the title reaction, single-point calculations were performed at a higher ab initio level, CCSD(T) = FC//cc-pVTZ (coupled-cluster singles and doubles approach, where the connected triple excitations are included using a quasi-perturbative approach, correlating only valence electrons, using the correlation consistent polarized triple-zeta basis set, cc-pVTZ). The level I is then denoted CCTZ//MP2. All calculations were performed using the GAUSSIAN 09 systems of programs. 7 Level II Now all stationary points are optimized and characterized at the CCSD(T) = FC/cc-pVTZ level of theory, which is computationally more expensive since at this level the vibrational frequency calculations are numerical. Scuseria and Lee 8 showed that the average difference between CCSD(T) and the more expensive CCSDT (where the triple excitations are included in an iterative manner) is small, 0.42 kcal mol À1 , in their fourteen test cases.
Level III
A serious problem in this reaction is the consideration of the relativistic effects of germanium (32 electrons) . This effect is taken into account in the present study by using effective core potentials (ECP) aug-cc-pVTZ-PP basis set for Ge, with the CCSD(T) = FC method, while O and H are described using the aug-cc-pVTZ basis set. 9 At this level, single point calculations were performed based on the optimized geometries at the lower MP2/6-31G(d,p) level. In brief, CCPP//MP2.
Level IV
Given the expensive computational cost of the optimization and vibrational frequency calculations using ab initio methods, an alternative is the use of density functional theory (DFT) methods. Two approaches were used, MPW60/6-31G(d,p) 10 and M062X/6-311++G(d,p), 11 which present a balance between quality and cost. Table 1 lists the relative energies (with respect to the reactants) of the stationary points for the title reaction using these methods. In order to test the quality of the electronic structure calculations, and to choose the best method for later use in the fitting procedure, we began by selecting the standard enthalpy of reaction at 298 K, DH 298 r , for comparison. This enthalpy of reaction can be obtained from the respective enthalpies of formation, DH 298 f , for reactants and products. However, in the title reaction, while the enthalpies of formation of OH and H 2 O are well determined, 12 9.40 and À57.8 kcal mol À1 , respectively, values available in the literature for GeH 4 and GeH 3 are widely spread ( Table 2) , both experimental and theoretical. Using the experimental data, DH 298 r = À40.9 AE 0.3 kcal mol À1 , while using the theoretical values DH 298 r ranges from À30.9 to À36.3 kcal mol À1 , which are all very far from the experimental data. On the other hand, the enthalpies of reaction at 298 K obtained with the five levels in the present study (Table 1 ) range from À25.1 to À36.5 kcal mol À1 , with the ab initio values in a narrower range, À29.3 and À34.1 kcal mol À1 . This comparison evidences the difficulty of the theoretical methods to reproduce the experimental evidence, assuming that these experimental values are correct, since one and only one value has been reported for each species.
Next the classical barrier height is analyzed, which is one of the most difficult energy properties to be accurately estimated. The only experimental evidence is an estimation of zero activation barrier. 2 Depending on the level used, we obtained values from +0.65 to À6.04 kcal mol À1 , with the worst value, À6.04 kcal mol À1 , obtained when relativistic effects were considered. Clearly this does not mean that these effects are not important, but that the ECP used is not adequate for this reactive system. The remaining values are close to the zero value. Finally, the intermediate complexes present similar energy stability, regardless of the level used, with differences of about AE1.0 kcal mol À1 . In sum, these results show the strong influence of the calculation level used (correlation and basis set) on the correct description of this reactive system. Fig. 1 shows the optimized geometries for the stationary points. In the stabilized reactant complex represented in Fig. 1 , the oxygen atom approaches the germanium atom with three hydrogen atoms on the same side, H-OÁ Á ÁH 3 Ge-H (face complex). In addition, another reactant complex was located, but now the O atom approaches one H atom of GeH 4 , forming the structure H-OÁ Á ÁHGe-H 3 (vertex complex). This complex is also stabilized with respect to the reactants, 1.13 kcal mol À1 at the MP2/6-31G(d,p) level, but it presents two imaginary frequencies, and so it is not a true minimum at this level. Similar behaviour was found with other theoretical levels. As with the energy tendency, Fig. 1 shows the different geometrical parameters obtained with the different levels. Thus, the Ge-O distance ranges from 2.913 to 3.009 Å in the reactant complex, and from 3.032 to 3.774 Å in the product complex. In the saddle point the situation is even more confusing, with the Ge-H 0 distance larger than the O-H 0 distance (H 0 being the transferred atom) for two levels, and shorter for the other two levels.
In sum, the energy and structure comparisons showed a dangerous ambiguity when it comes to choosing the more appropriate theoretical method to describe the title reaction.
To finish this section, we consider the possibility of another reaction mechanism. Botkovskaya and Setser 2 experimentally studied three very exothermic reactions with hydroxyl radical, BrH, IH and GeH 4 , which are practically barrierless and present the heavy-light-heavy (HLH) mass combination, with different water product vibrational populations. Based on their experimental results they proposed different reaction mechanisms. So while BrH + OH -Br + H 2 O presents a direct abstraction reaction mechanism and IH + OH -I + H 2 O an additionmigration mechanism, for the GeH 4 + OH -GeH 3 + H 2 O reaction they proposed two possibilities: (i) the germane may proceed competitively by both ways; or (ii) the reaction shows a direct abstraction mechanism, but the water bending modes appear more vibrationally excited than the stretching modes.
In the direct abstraction mechanism, the oxygen atom approaches the heavy atom (Br or Ge) in linear structure, XÁ Á ÁH 0 Á Á ÁO, where H 0 is the transferred hydrogen atom. For the title reaction, we located and characterized a true saddle point with quasi-linear geometry (Fig. 1) . In the additionmigration mechanism, the OH radical forms complexes with I and Ge in the entrance channel, with the quasi-orthogonal structure,
. The posterior migration of the H 0 atom through a three-centered transition state explains the water formation. For the title reaction, we located and characterized this complex with Ge in the entrance channel, which is stabilized with respect to the reactants (Fig. 1 ). However, all attempts to locate the three-centered transition state at different theoretical levels turned out to be fruitless. Therefore, based on these studies, we ruled out the addition-migration mechanism for the title reaction, and we assume that the GeH 4 + OH reaction presents a direct abstraction mechanism, similar to the well known BrH + OH or CH 4 + OH reactions.
Potential energy surface
The development of accurate potential energy surfaces is, in general, a very laborious, tedious and difficult task, where the presence of wells in the entrance and exit channels, the increase in degrees of freedom (the step from atom-diatom to polyatomic systems), and the increase in the number of electrons, complicate this process enormously. In the case of the title reaction, GeH 4 + OH, there are further difficulties because it is a very exothermic reaction, with a classical barrier which is practically zero, and consequently the entrance channel is very flat, leading to almost zero gradients of energy. Therefore, the fitting process of the global full-dimensional surface will be very complicated given the energy differences between reactants and products. A similar problem was found in the study of the F( 2 P) + CH 4 reaction and its isotopic variants, which also presents a high exothermicity, À30.0 kcal mol À1 , and low barrier height, o1 kcal mol À1 . Three full-dimensional PESs were developed for this system by different groups with different strategies, [18] [19] [20] [21] and it was found that small topology changes in the entrance channel can modify the dynamics (excitation function, vibrational distribution of the products, or the scattering distribution).
Taking into account these difficulties and the range of electronic structure values (Section 2), in the present section we develop for the first time a full-dimensional PES for the title reaction, which is based exclusively on ab initio information. We employ an analytical function which is basically a valence bond-molecular mechanics (VB-MM) surface, based on our PES describing the similar CH 4 + OH hydrogen abstraction reaction. 22 The new PES is widely described as ESI. † In brief, this function is the sum of four terms:
where V stret consists of four London-Eyring-Polanyi stretching terms,
depending on 14 fitting parameters. V val represents the harmonic bending terms,
which depend on 13 fitting parameters. However, in the present surface a modification is needed because although the methyl radical is planar, GeH 3 is pyramidal and we had to modify the reference angle y 0 ij , which represents the equilibrium angle defined by the ith and jth Ge-H bonds in germane. Thus, the original expression 22 y 0 ij = t + (t À p/2)[S r (R CHi ) À S r (R CHj ) À 1]
where t = 109.471 and S r and S w are two switching functions, is replaced by
where t GeH = 1221. V op is a harmonic out-of-plane potential depending on 4 fitting parameters and given by
and finally V water is the potential describing the water product depending on three new parameters. Moreover, to describe the evolution from GeH 4 to the GeH 3 free radical and from hydroxyl radical to water, a series of switching functions were included in the functional form. Note that the functional form, eqn (1), is symmetric with respect to the permutation of the four hydrogens in germane. Therefore, this PES depends on 34 parameters, which gives great flexibility to the PES while keeping the functional form physically intuitive.
Once the functional form was developed, the 34 parameters were fitted using as input information exclusively electronic structure calculations, describing all the stationary points and the reaction path. Specifically, we used the level I (which is a single point CCTZ//MP2 level), because it represents a compromise between quality and computational economy. Based on our previous experience in the construction of other PESs for polyatomic systems, [23] [24] [25] in the present study we used a hybrid approach in two consecutive steps, the first trial-and-error hand-made and the second automated to refit the parameters. The first step was based on the fact that most parameters are related to some physical or chemical property, such as geometry and vibrational frequencies of reactants and products, exothermicity, barrier height, etc. So, in the first step we attempted to obtain manually the values of the 34 parameters describing the reaction, from reactants to products. In the second step, we used a recently developed automated multi-beginning least-squares procedure 23 which, using Powell's method for local optimization, gives values of the parameters that minimize (locally) the function
where E(x) is the potential energy, and F(x, p) is the analytical function depending on the parameters, {x} being the coordinates of the atoms. This process in two steps is iterative until we obtain the values of parameters {p} so that F(x, p) fits E(x). This process is laborious and tedious because it is known that the fitting procedure has its limitations: (i) the final result depends on the initial parameters; (ii) a number of distinct sets of parameters can be obtained, which are all equally probable and good; (iii) it is very complicated to find a global minimum; and (iv) while the differences between the parameter may be small, the kinetics and dynamics information obtained from them can vary noticeably. 26 The final parameter set was taken as the best values of this hybrid fitting approach. Finally, it is important to note that the PES presents the advantage that not only the energy, but also the first energy derivatives, i.e., the gradients, are obtained analytically, which is a very desirable feature since it can considerably speed up the kinetics and dynamics calculations.
Next, the quality of PES-2015 was tested against the ab initio information, which represents a test of consistency. The optimized geometries of the saddle point and the intermediate complexes are shown in Fig. 1, and Fig. 2 and 3 show respectively a schematic diagram of the reaction path and an equipotential contour plot.
Overall, the new surface reproduces reasonably the ab initio stationary point geometries, where the breaking Ge-H 0 bond is larger than the forming H 0 -O bond, and the approach is practically linear. The imaginary vibrational frequency, 405i cm À1 , is close to the CCSD(T) ab initio value, 439i cm À1 . The reaction energy and the classical barrier height values are close to the ab initio values. Thus, the reaction is very exothermic, À32.4 kcal mol À1 , with a very low barrier, 0.1 kcal mol À1 , practically barrierless, suggesting that the tunneling effect is practically negligible. The contour plot (Fig. 3) shows clearly the location of the stationary points, especially the complexes in the entrance and exit channels, and the saddle point. The present comparison with ab initio data shows that the functional form and the fitting process reasonably describe the whole reactive system. The new PES-2015 can be obtained upon request from the authors, prior to its next publication in the POTLIB site. 27 
Computational details
On the PES-2015 surface, the thermal rate constants at different temperatures in the range 200-1000 K were calculated using two approaches, variational transition-state theory (VTST) and quasi-classical trajectory (QCT) calculations.
(a) VTST approach
Using the canonical variational theory, 28, 29 CVT, the thermal rate constants are given by
where the dividing surface along the reaction coordinate, s, is located at the maximum of the free energy of activation, DG(T,s* ,CVT ), s is the symmetry factor (12 for the forward reaction), k B is the Boltzmann constant and K 0 is the reciprocal of the standard-state concentration, 1 molecule cm 3 . For the reactant electronic partition function, the 2 P 1/2 excited state of OH (140 cm À1 ) 12 was taken into account, while the rotational partition functions were calculated classically. With the exception of the lowest vibrational mode (corresponding to practically free rotation of the OH bond on the new (H 3 Ge)H 0 -O bond formed), in which anharmonicity is included by using the hindered rotor model (RW model), 30 all remaining vibrational modes are treated as separable harmonic oscillators using curvilinear coordinates. [31] [32] [33] An advantage of these coordinates over the Cartesian coordinates is that while the first yield real vibrational frequencies along the reaction path, the last yield some imaginary frequencies, which is highly undesirable. In this heavy-light-heavy mass combination reaction, a priori the tunnelling contribution should play an important role at low temperatures; however, given that this reaction is practically barrierless, the tunnelling effect plays a negligible role.
Note that although VTST includes many approximations, it is a well-validated approach to treat zero-point energy and recrossing 34 (also tunnelling, although in the present reaction, as was noted previously, it was not important). For a set of 74 atom-diatom reactions, 35 VTST was tested against accurate quantum rate constants, and it was found that in general the agreement was good, with differences of 30-35% and 20-25% when anharmonicity was not and was included, respectively. All kinetics calculations were performed with the POLYRATE-2010 code. 36 
(b) QCT approach
QCT calculations were carried out using standard procedures implemented in VENUS code 37, 38 for temperatures in the range 200-1000 K. At each temperature, 50 000 trajectories were run with an initial and final Ge-O separation of 15.0 Å, sufficient to ensure that no interaction was present. At each temperature, reactant rotational and vibrational energies were chosen by thermal sampling, while the maximum impact parameter, b max , was obtained by increasing the value of the impact parameter until no reactive trajectories appeared. The b max value decreases with temperature, from 10.4 Å at 200 K to 7.8 Å at 1000 K, which is the typical behaviour of barrierless reactions, due to the greater difficulty in compensating the centrifugal energy barrier for the long-range attractive potential. 39 Using Monte Carlo sampling of the initial conditions, the reaction cross section is given by
where N r and N T are, respectively, the reactive and total number of trajectories at each temperature, and the estimated error is
Note that with the trajectories run, the maximum error at each temperature is o5%. Finally, with these conditions, the thermal rate constant is given by
where m is the GeH 4 -OH reduced mass. As the QCT calculations do not include the spin-orbit effect on the OH reactant, this is included by a multiple-surface coefficient,
where e = 140 cm À1 represents the excitation energy of the 2 P 1/2 excited state of OH. 12 This coefficient diminishes the QCT rate constants by a factor of about two over the whole temperature range. Table 3 lists the VTST and QCT forward rate constants (cm 3 molecule À1 s À1 ) in the temperature range 200-1000 K, and Fig. 4 shows the Arrhenius plots, together with the only experimental value at 298 K for comparison, 2 (7.1 AE 1.0) Â 10 À11 cm 3 molecule À1 s À1 . First, VTST and QCT rate constants at this temperature, 6.70 Â 10 À11 and 6.20 Â 10 À11 , respectively, reproduce the experimental data, within the error bar. Moreover, this fast reaction follows the tendency of reactions with OH in the group (XH 4 ): 40 Second, the VTST and QCT methods show similar values over the whole temperature range, the QCT values being lower, with differences between 7 and 29%. This agreement is related to the absence of tunneling effects, given the classical character of the QCT calculations. Third, both methods show negative temperature dependence below 300 K. This temperature dependence has also been found in other reactions (involving ions, free radicals or atoms), [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] and has been associated to the presence of stabilized reactant complexes in the entrance channel. 49, 52, 53 We in fact found a reactant complex (Fig. 1 ) stabilized by 0.6 kcal mol À1 with respect to the reactants. Unfortunately, no experimental information on the title reaction is available today, and so this negative temperature dependence awaits experimental confirmation. However, hopefully recent QCT calculations 50,51 on the similar HBr + OH -Br + H 2 O reaction (very exothermic and barrierless reaction) which presents a stabilized HBr-OH complex in the entrance channel, also presents negative temperature dependence, in this case below 160 K, thus reproducing the experimental evidence which is available for this reaction. Therefore, for barrierless reactions, where the tunneling effect plays a negligible role, it seems that QCT calculations capture the dynamics of the title reaction, giving a correct answer of the rate constants and their temperature dependence. Next we consider the influence of the reactant complex on the rate constants, i.e. the influence of an indirect mechanism, in contraposition to the direct mechanism previously analyzed. Within the equilibrium assumption the mechanism is of the type
Results and discussion
where k 1 , k À1 , and k 2 are the thermal rate constants for the elementary steps, K eq is the equilibrium constant for the formation of the RC complex from the reactants, and the total thermal rate constant, k(T), is
If k 2 { k À1 , eqn (13) simplifies to
At room temperature, for instance, we have calculated these values, k 2 = 1.84 Â 10 2 s À1 and K eq = 1.96 Â 10 À13 cm 3 molecule À1 , and the final rate constant for the indirect mechanism is 3.61 Â 10 À11 cm 3 molecule À1 s À1 , versus the value 6.70 Â 10 À11 cm 3 molecule À1 s À1 for the direct mechanism (Table 3) . For the remaining values over the whole temperature range the behaviour is similar, and so, the indirect mechanism reduces the rate constants by about a factor of two. Therefore, the influence of this complex is important in the evaluation of the rate constants. In sum, for the reaction of the title, we can think of two mechanisms, a direct one, from reactants to products through the transition state, and an indirect, two-step, as we have seen. The weight of each mechanism in the final result cannot be determined with current information, but we have shown that the indirect mechanism diminishes the rate constant with respect to the direct one. More studies, theoretical and experimental, will be needed to fully clarify this reaction. The phenomenological activation energies for VTST and QCT are respectively À0.31 and À0.10 Â 10 kcal mol À1 in the 200-300 K temperature range, and +0.75 and +0.26 kcal mol À1 , in the 300-1000 K range. They are obtained by two-point Arrhenius fits at the temperatures indicated, and they represent average values over the corresponding temperature interval. Given that these values are not experimentally available, they represent appropriate quantities for comparison to future experiments.
Next, the kinetic isotope effects (KIEs) are analyzed, thus providing an opportunity to test the theoretical approaches, since they are less sensitive to the accuracy of the surface. These are defined in the usual way, as the ratio of the rate constants for the perprotio reaction to the deuterated reaction, GeH 4 + OH/GeH 4 + OD. To the best of our knowledge, only one experimental value has been reported at 298 K, 2 1.4 AE 0.1, which is very similar to the equivalent HBr + OH/OD reaction, 2 1.3 AE 0.2. The calculated KIE at 298 K using the PES-2015 surface are, respectively, 0.80 and 1.37, using VTST and QCT approaches. So, while QCT reproduces the experimental data, VTST gives an inverse KIE. Given that the PES is not responsible for this difference, let us analyze the approximations introduced in the VTST method.
As the barrier height is the same in both isotope variants, in this reaction with a very flat entrance channel the effect of the variation of the vibrational modes along the reaction path will be very important, causing a shift in location of the free energy maximum, DG(T,s* ,CVT ), from the saddle point (s = 0), phenomenon known as variational effect. For the title reaction at 298 K, with a barrier of only 0.1 kcal mol À1 , while the DG(T,s* ,CVT ) is 33.008 kcal mol À1 located at s = +0.451 Bohr for the OH reaction, for the OD variant DG(T,s* ,CVT ) = 32.874 kcal mol À1 located at s = +0.469 Bohr. So, the rate constant for the deuterated variant is larger and consequently the KIE(298 K) o 1. We assume that the effect of anharmonicity of the lowest vibrational modes (especially the transitional modes, i.e. modes which are rotations and translations in reactants and products and appear along the reaction path) will be very different for the H and D reactions near the saddle point, and will be the cause of the inverse KIE.
The inclusion of anharmonicity has two effects on the reaction kinetics: 29 (i) it produces a greater fall of the lowest vibrational frequencies (transitional modes), diminishing the variational effects and approaching the maximum of DG(T,s* ,CVT ) to the saddle point; and (ii) it produces a decrease of the rate constants, which depends on the reactive system and the temperature. While the anharmonic calculation in polyatomic reactions is not straightforward and is not included in the POLYRATE-2010 code 36 when curvilinear coordinates are used, in triatomic atom-diatom reaction its effect has been well studied. For instance, for the Cl + H 2 reaction, one of us 54 showed that the inclusion of anharmonicity reduces the rate constants between 22 and 55% in the temperature range 150-2100 K, while in other atom-diatom reactions 29 the decrease is even larger. For the title reaction, given that anharmonicity is greater for the D variant, we assume a larger decrease of the rate constant and consequently a KIE(298 K) 4 1, which would be in agreement with the experiment and the QCT calculations, which are free of this limitation.
Conclusions
The present paper presents two different parts, first the development of an analytical full-dimensional potential energy surface for the title reaction and its isotopic variants, and second, the calculation of thermal rate constants and kinetic isotope effects, and their comparison with the only experimental values at 298 K.
The overall PES is formulated in terms of VB-MM potentials and fitted to high-level ab initio calculations. Given that it has practically no classical barrier to reaction and is very exothermic, the energy gradients in the entrance channel are practically zero, while in the exit channel they are very high; in this case the fitting procedure was especially complicated. Different tests of the PES show that it reasonably reproduces the ab initio topology of reaction from reactants to products, with special attention to the intermediate complexes in the entrance and exit channels, which can modify the dynamics of reaction.
Based on this PES, thermal rate constants were calculated in the temperature range 200-1000 K using two approaches: VTST and QCT, which present very different fundaments. Both approaches showed negative temperature dependence below 300 K, due probably to the presence of the reactant complex in the entrance channel; although experimental data do not exist for comparison, it reproduces the behaviour for the similar BrH + OH reaction. In addition, both methods reproduce the only experimental data at 298 K, within the experimental error bar. The main discrepancy between the two methods is the KIE. While QCT reproduces the experiment, KIE 4 1, VTST gives an inverse KIE. We suppose that this problem of the VTST method is associated with the non-inclusion of anharmonicity in the description of the lowest vibrational frequencies along the reaction path.
In sum, the new PES for the title reaction and its isotopic variants represents a first step in the understanding of this reactive system, and doubtless future improvements will come about, including spin-orbit effects, anharmonicity, relativistic effects, etc., which have only been partly taken into account in the present study. An advantage, however, is that in addition to energy, the new PES provides analytical gradients, i.e., energy first derivatives, and due to the presence of switching functions in the functional form it shows a smooth change from reactants (tetrahedral geometry) to products (pyramidal structure). So, it seems that it correctly describes the kinetics of the reaction, reproducing the only experimental rate constant at 298 K and showing inverse temperature dependence below 300 K, similar to those found in other equivalent reactions, awaiting experimental confirmation. Further dynamics studies on excitation function, product energy disposal or scattering distributions are being planned in our lab and will be presented in a forthcoming paper.
